We present the nucleotide and deduced amino acid sequences of four contiguous bacteriochlorophyll synthesis genes from Rhodobacter capsulatus. Three of these genes code for enzymes which catalyze reactions common to the chlorophyll synthesis pathway and therefore are likely to be found in plants and cyanobacteria as well. The pigments accumulated in strains with physically mapped transposon insertion mutations are analyzed by absorbance and fluorescence spectroscopy, allowing us to assign the genes as bchF, bchN, bchB, and bchH, in that order. bchF encodes a bacteriochlorophyll a-specific enzyme that adds water across the 2-vinyl group. The other three genes are required for portions of the pathway that are shared with chlorophyll synthesis, and they were expected to be common to both pathways. bchN and bchB are required for protochlorophyllide reduction in the dark (along with bchL), a reaction that has been observed in all major groups of photosynthetic organisms except angiosperms, where only the light-dependent reaction has been clearly established. The purple bacterial and plant enzymes show 35% identity between the amino acids coded by bchN and chiN (gidA4) and 49%o identity between the amino acids coded by bchL and chlL (f>xC). Furthermore, bchB is 33% identical to 0RF513 from the Marchantia polymorpha chloroplast. We present arguments in favor of the probable role of 0RF513 (chiB) in protochlorophyllide reduction in the dark. The further similarities of all three subunits of protochlorophyllide reductase and the three subunits of chlorin reductase in bacteriochlorophyll synthesis suggest that the two reductase systems are derived from a common ancestor.
Synthesis of chlorophyll (Chl) in the dark has long been recognized (5) , and yet it has received little attention until recently. This has been in part because of the lack of genetic and biochemical starting points for studying the reaction and in part because of the observation that protochlorophyllide (PChlide) reduction in angiosperms is strictly light dependent. Both PChlide and its light-dependent reductase accumulate in etiolated angiosperm seedlings, making both the enzyme and the reaction relatively attractive to study (reviewed in reference 21). However, a diverse array of photosynthetic organisms including pine, algae, cyanobacteria, and purple bacteria are capable of Chl synthesis in the dark (10, 15) .
The purple bacterium Rhodobacter capsulatus induces bacteriochlorophyll (BChl) synthesis and assembly of a photosynthetic, intracytoplasmic membrane in a metabolic switch from aerobic respiratory to anaerobic photoheterotrophic growth (12) . BChl and Chl syntheses proceed by similar pathways until the production of chlorophyllide. The addition of a phytol tail to chlorophyllide produces Chl, while reduction of the chlorin ring and additional BChl a-specific reactions occur before the addition of the phytol tail in BChl synthesis. R. capsulatus accumulates BChl anaerobically in the dark, provided that there is a suitable alternative electron acceptor in the medium, such as dimethyl sulfoxide (25, 42) . Its BChl-synthesizing enzymes, including both the PChlide and chlorin reductases, must therefore function independently of light. The first mutants in R. capsulatus defective in PChlide reduction were designated bchB (41) , although the location of this gene was never determined precisely. Coomber et al. (13) and Yang and Bauer (40) later showed that a second locus, bchL (45) , is also required for PChlide reduction, leading to independent speculation from both groups that PChlide reductase might be a multisubunit enzyme in Rhodobacter spp.
The chemistry of ring D reduction within the PChlide macrocycle is nearly identical to that of ring B reduction during the conversion of chlorins to bacteriochlorins. In the accompanying article (8) , we show that chlorin ring reduction is catalyzed by a multisubunit enzyme complex encoded by the bchXYZ locus (formerly bchA [41] ). It is therefore of significance that bchL is homologous with bchX (32% amino acid identity) as well as with the chlL genes of cyanobacteria and the chloroplasts of diverse photosynthetic eukaryotes (7, 9, 16, 27, 28, 36, 37) . chlL has been shown to be required for PChlide reduction in the dark (15, 37) . Another chloroplast gene, chlN (also known as gidA), has also been shown to be required for PChlide reduction in the dark, and several chlN sequences have been obtained (11, 23, 27, 35, 36) . Thus, there is an apparent asymmetry between PChlide and chlorin reductases in that while two ancillary proteins (bchY and bchZ) are known for the reaction involving bchX, only one has been suggested to work in concert with bchL (bchB) or with chlL (chlN).
The bchB gene of R. capsulatus has been mapped roughly to the BamHI D fragment (BamD) of pRPS404 (4) , an R' plasmid which carries 46 kb of mobilized R. capsulatus chromosome encoding nearly all of the functions required for photosynthesis (26) . Three other genes have also been mapped to BamD: bchF mutants fail to add water across the vinyl group on ring A in a BChl a-specific reaction and thus accumulate 2-vinyl-bacteriochlorophyllide a (29, 38) . bchH mutants accumulate protoporphyrin IX (4). They are presumed to be deficient in both the methyltransferase and the Mg chelatase, since these two steps appear to be obligately coupled in Rhodobacter spp. (19, 20) . Finally, bchK has been thought to work at the same step that bchH does (45) . We have sequenced BamD and analyzed mutations mapping within this fragment. Our results allow us to assign the functions of four BChl synthesis genes, including two for light-independent PChlide reduction, bchB and bchN. We also show that the so-called bchK gene is identical to bchB. Furthermore, by comparing our sequences with those in protein sequence data bases, we are able to assign tentatively the third subunit of light-independent PChlide reductase (chiB) to Marchantia chloroplast ORF513, restoring the similarities between PChlide and chlorin reductases.
MATERIALS AND METHODS
General. The R capsulatus strains used in this study are listed in Table 1 . Plasmid pFL120 contains the 7.1-kb BamD of pRPS404 subcloned into the BamHI site of pBR325. One hundred thirty-six M13 clones spanning all of BamD in both directions were subcloned from pFL120 for single-strand dideoxy chain-terminating sequencing (34) in both directions as described previously (1) . pFL120 and M13 subclones were maintained in Escherichia coli HB101 and JM103, respectively. Ampicillin was used at a concentration of 100 pug/ml. DNA extractions and analysis. DNA was isolated from wild-type R. capsulatus SB1003 and from TnS. 7 transposon insertion mutant strains KZR8G9, KZR9G5 (45) , and KZR9E11 (44) . The 2.85-kb BamHI-SalI fragment of pFL120 was isolated from a 0.8% agarose gel run in 1x TAE buffer (33) , purified by using the GeneClean kit (Bio 101, Inc., La Jolla, Calif.) and radiolabeled by random hexamer priming with [a-32P]dATP (33) . Enzymatic digestions, Southern transfer, and hybridization were performed by standard procedures (33) , and the radioactive blots were analyzed by PhosphorImage scanning.
Pigment extractions. Freshly saturated R. capsulatus cultures grown aerobically in RCV medium (39) were diluted four-to fivefold in RCV+ medium (42) , which contains dimethyl sulfoxide as a terminal oxidant to allow anaerobic induction of bacteriochlorophyll synthesis in the dark (25, 42) . Twenty-five milliliters of this culture was harvested after induction for 2 to 5 days in the dark, and the pigments were extracted from the pellet twice with 500 pA of acetonemethanol (7:2) or methanol alone. Absorbance spectra were determined on a Hewlett-Packard 8452A diode array spectrophotometer. Fluorescence emission and excitation spectra were determined at room temperature. on a SPEX fluorolog 212T fluorimeter. All spectral data are given for the acetone-methanol extracts, except where otherwise noted.
Computer analysis. Protein and nucleic acid data bases were searched with the fastdb program by using Intelligenetics Software release 5.37 (6) with parameters set to maximize their normalized alignment scores (14) . Three-way alignments were refined by hand by using the same normalized alignment score criteria. GCGCCCCTTGCGCGCAAr.GGCAGCGCGCCCTTC TCCCGCCCCTCATQACCTTTTCATTAVCTTTCMTGCTACAAGACCATMpACGCCAGAGTGCG Fig. 1 .
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Phenotypes of transposon insertion mutants. During the synthesis of both Chl and BChl, there is a general progression of the red-most absorbance maxima of the precursors toward longer wavelengths. Thus, the red-most spectral peak of acetone-methanol (7:2) pigment extracts is a good indication of the last compound synthesized by a given mutant. The pigments identified for each of the strains analyzed here are listed in Table 1 .
Extracted pigments from KZR8G9 have absorbance peaks at 716, 628, 572, and around 516 nm (Fig. 2a, top) . The [4, 41] ). Since detailed spectrographic data are not available for behF mutants, both the absorbance and fluorescence properties of the pigments accumulated by KZR8G9 were compared with those accumulated by the bchF point mutant MB1003 (38) . An acetonemethanol extract of MB1003 showed a red-most absorbance maximum at 716 nm along with additional absorbance peaks at 663, 520, and 488 nm (Fig. 2a, bottom) . The red-most peak is consistent with assignment of the lesion in KZR8G9 to behF. Fluorescence emission and excitation spectra of KZR8G9 and MB1003 acetone-methanol extracts showed emission maxima at 742 nm for which the excitation maxima were 516 and around 714 nm in both strains (Fig. 2b) (29) , is the last compound synthesized by each strain and that KZR8G9 is genetically defective in bchF, as has been proposed on the basis of genetic complementation experiments (45) .
Additional peaks in the excitation spectra from each strain (detecting emission at 740 nm) are present at 485, 609, and 663 nm (Fig. 2b) , indicating the presence of additional compounds besides 2-vinyl bacteriochlorophyllide. When MB1003 pigment extract was excited at each of these wavelengths, the weak emission peak at 674 nm was preferentially stimulated, with maximum excitation at 663 nm (Fig. 2c) . Emission at 674 nm upon excitation at these wavelengths is diagnostic of chlorophyllide (18), consistent with the accumulation of chlorophyllide in both MB1003 and KZR8G9. Finally, there is a strong fluorescence emission from KZR8G9 (but not MB1003) at 634 nm, for which the excitation maximum is at 432 nm (see Fig. 3a ). Both of these data, as well as the absorbance peak at 628 nm, are consistent with accumulation of PChlide in KZR8G9 (3).
The mutation carried by the R. capsulatus TnS.7 mutant KZR9G5 defines the bchK locus (45) . The reported phenotype of KZR9G5 (BChl-) is identical to that of point mutants in bchH (45) . However, upon reexamination, we find that this strain accumulates a pigment which absorbs maximally at 628 nm in acetone-methanol (7:2) extracts (Fig. 3a, top) and 630 nm in methanol (not shown), which is identical to the BchB phenotype (41) . The fluorescence emission spectrum (exciting at 432 nm) shows a major peak at 634 nm, with a smaller, broad peak at around 695 nm (Fig. 3a, bottom) . The excitation spectra detected at 634 and 695 nm each show maxima at 434 and 628 nm (Fig. 3a, bottom) . Thus, both emissions probably arise from the same compound. All of these data are consistent with accumulation of PChlide in strain KZR9G5 (3). The absorbance spectrum (Fig. 3a) (28) , and Pinus negra (23) chloroplasts, from the cyanelle of Cyanophora paradoxa (36) , and from the cyanobacterium Synechosystis PCC6803 (27) , as well as a suggestive similarity with the chlorin reductase subunit behY from R capsulatus (8) . The gene product of the third ORF of BamD (formerly bchK [45] ) is 33.7% identical with that of ORF513 in the liverwort chloroplast ( Fig. 4b and reference 7) and a nearly identical sequence from the C. reinhardtii chloroplast (30) . Considerable sequence identity is also shared with the chlorin reductase subunit bchZ from R capsulatus. Like chiL and chiN, there is no sequence resembling ORF513 in either of the two sequenced angiosperm chloroplasts (22, 35) . The probable role of ORF513 in dark PChlide reduction in plants is discussed below. DISCUSSION Operon structure and gene assignments. The four genes we have examined appear to form a continuous operon with the next three genes downstream, bchL, bchM, and ORF1695.
In Northern (RNA) blot experiments using radiolabeled DNA sequences from bchL and bchM as a probe, the measured size of mRNA transcripts placed the 5' end of the message near the upstream end of the 7.1-kb BamHI fragment (i.e., BamD) of the R. capsulatus photosynthesis gene cluster (2, 40) . Deletion experiments have also shown that the promoter for bchL and bchM is upstream of one or both of the two XhoI sites in BamD (40) . We find a recognizable promoter only upstream of the first ORF, and the coding segments of all four genes overlap. Both observations argue for a single, polycistronic message. It is therefore most likely that all of the genes examined here are part of the same operon, bchFNBHLM ORF1695. (Fig. 5) . The biosynthetic pathway implied by the functional assignments presented here is shown in Fig. 6 .
The transposon in KZR9G5 is located within the third ORF of BamD. A pRPS404 derivative carrying TnS. 7 insertion 9G5 (56.7) is able to complement bchH point mutants (45) , and therefore the lesion is nonpolar with respect to bchH. Therefore, the accumulation of PChlide (BchB phenotype) by KZR9G5 is due to disruption of the third ORF of BamD. This complementation was originally used to establish the existence of the bchK gene (45) , although the reported BchK phenotype is indistinguishable from the BchH phenotype. In that same report, a bchH TnS. 7 insertion mutation, 9F2 (58.5), was reported as giving rise to the same BchB phenotype reported here for KZR9G5. In all likelihood, the errant report of a BchK phenotype for strain KZR9G5 and a BchB phenotype for strain KZR9F2 represents the switching of their respective labels at some point in the original analysis. There are several transposon insertion mutants in the related bacterium Rhodobacter sphaeroides which have been assigned as lesions in bchK because they give rise to the BchK (BChl-) phenotype and are located in approximately the same position (13) . However, no complementation experiments have been done with these strains to exclude polar inactivation of the downstream bchH gene. To avoid similar confusion in the future with the previously described (but misleading) BchK phenotype, we refer to the third ORF of BamD as bchB.
Strain KZR9E11 also accumulates PChlide, and it carries a TnS. 7 insertion in the second ORF of BamD. The mutated gene was originally referred to as bchN (44) but was not included in the early genetic maps because no complementation had been done with either this strain or the R' plasmid carrying the transposon. Nevertheless, it is unlikely that the phenotype of KZR9E11 is due to polar inactivation of bchB because, in light of the recent operon structure work outlined above, a polar mutation would also be expected to inactivate bchH. We therefore conclude that bchN is also required for PChlide reduction. The similarities between bchN and chiN also support a role for bchN in PChlide reduction.
KZR8G9 was originally reported to accumulate P630 (45) , which might have made it yet another subunit of PChlide reductase. Indeed, the major absorbance peak is at 630 nm. Unlike the two strains described above, however, some of the pigment in KZR8G9 is able to proceed further in the pathway until reaching a block at the hydration of the 2-vinyl group to produce a BchF phenotype. The pRPS404 derivative carrying TnS. 7 insertion 8G9 (55.1) fails to complement the bchF point mutant MB1003 (45) , offering genetic support to the assignment of this ORF as bchF in addition to the spectral data presented here. The same plasmid does, however, complement the bchB insertion mutant KZR9G5 (45) , demonstrating that the mutation does not cause complete polar inactivation of downstream genes.
Both bchF mutants examined here accumulate additional compounds besides 2-vinyl-bacteriochlorophyllide a. Hydration of the 2-vinyl group by the bchF product can occur either before or after reduction of the chlorin ring by the products of bchXYZ (29) , as indicated by the branched pathway in Fig. 6 . Chlorophyllide accumulation in each of the two bchF strains may be due to inhibition of the chlorin reductase as a result of the large buildup of its product (2-vinyl bacteriochlorophyllide a), one of the two possible substrates for the bchF gene product. The large accumulation of PChlide in KZR8G9, a feature which is absent in spectra of MB1003, appears to be due to partial interference of one or more of the PChlide reductase subunits. Therefore, although the transposon insertion in strain KZR8G9 allows for sufficient expression of downstream genes to sustain photosynthetic growth in the complementation assays noted above, this level of expression is not sufficient to avoid a partial block of PChlide reduction by bchN, bchB, and bchL.
The third subunit of light-independent PChlide reductase in plants. Marchantia acid alignments, there are two lines of evidence from experiments in C. reinhardtii that suggest that ORF513 is part of the light-independent PChlide reductase of the chloroplast (17, 31) . C. reinhardtii y-l mutants (a nuclear locus of undetermined nature), which are deficient in dark PChlide reduction, were grown aerobically in the dark, where they became yellow in appearance. Upon illumination, these cultures greened rapidly via light-dependent PChlide reduction, even when chloramphenicol was added to the culture prior to illumination to block protein synthesis within the chloroplast (17) . Second, wild-type C. reinhardtii grown in the presence of sublethal concentrations of chloramphenicol in the dark also accumulates large amounts of PChlide, which is again rapidly converted to Chl upon illumination (31) . Clearly, the only step in Chl synthesis which is dependent upon chloroplast-encoded products is that of lightindependent PChlide reduction. Any chloroplast genes homologous to R. capsulatus BChl synthesis genes are therefore expected to be involved in PChlide reduction in the dark. From this line of reasoning and from the strong amino acid sequence conservation between bchB and ORF513, we propose that ORF513 is the third subunit of the lightindependent PChlide reductase in chlorophyllous organisms along with the other two subunits chlL and chiN. Its role in the enzyme complex is likely analogous to that of bchB and closely related to that of bchZ (see below) in the chlorin reductase. By extension, we refer to ORF513 and its homologs as chlB. Common evolutionary ancestry of PChlide and chlorin reductases. The putative Fe protein subunits (chlL-bchL and bchX) of PChlide and chlorin reductases are likely related by a gene duplication event (8) . As shown in Fig. 4 , the other two subunits of both enzyme systems also share significant amino acid identity. bchB and chMB (ORF513) can both be aligned with bchZ from R. capsulatus (8) (Fig. 4b) with a large proportion of three-way matches. The similarity between bchZ and its PChlide reductase counterparts (bchBchlB) is especially evident between residues 160 to 230 and 330 to 365 in the bchB sequence. The midsection and C terminus of the bchY product can be readily aligned with bchN and chlN, as shown in Fig. 4a , and there is again a significant number of three-way matches. (The proper alignment of the N terminus is ambiguous and depends on whether matches with chIN or bchN are given priority. This region is not included in the alignment.) Our findings support the evolutionary relatedness of the enzyme complexes for light-independent PChlide and chlorophyllide reductions. In principle, this common ancestor may have performed one reduction or two. If a doublyreduced bacteriochlorin ring was the final product, then BChl is likely to have preceded Chl as the ancestral reaction center pigment, in spite of its later position in the modem biosynthetic pathway. This hypothesis is consistent with the observation that of the five photosynthetic bacterial divisions, four (proteobacteria, heliobacteria, Chlorobiaceae, and Chloroflexaceae) utilize BChl-containing reaction centers, while only one (cyanobacteria or chloroplasts) uses Chl-containing reaction centers. A complete analysis of the significance of this observation is offered in a separate communication (8a) .
